Studies were conducted to investigate the quality of 16 fish meals for Atlantic salmon (Salmo salar L.) reared in sea water, and to assess in vitro and in vivo methods for the measurement of the quality of the protein in fish meals. The commercial fish meals tested were Canadian-produced (herring, groundfish, and mixed meals) and were of West Coast and East Coast origin; they included silver hake (Russian origin), two mackerel meals (Chilean) and Norwegian fish meal (Norse-LT94 ® ). In addition, five herring meals were produced in the laboratory to assess the influence of processing conditions and freshness of the raw material on fish meal quality. The dilute-pepsin digestibility was the preferred in vitro assay to evaluate the protein quality of herring meals for Atlantic salmon, but this assay correlated poorly with the results from in vivo assays when other types of fish meals (menhaden, mackerel, silver hake, groundfish) were included.
Introduction
Feed accounts for 40-60% of the operating expenses of salmon farms. Much of this cost is due to the extensive use of fish meal in the feed (Tacon & Jackson 1985; Tacon 1994; Higgs et al. 1995a) , and attempts have been made to develop economical alternative sources of protein and energy for inclusion in salmon diets (Åsgård 1988; Higgs et al. 1988) . Considerable efforts are also being made to improve fish meal quality so that maximum nutritive value can be obtained from this expensive dietary component. Fish meal quality varies, both among sources and among batches from the same source, and the reasons for this variation include: (1) dissimilar composition and degree of freshness of the raw material before conversion into fish meal; (2) variable proportions of whole fish, offal, and filleting residues in the raw material; (3) differences in processing conditions (cooking and drying temperatures employed during meal manufacturing); (4) variation in the amounts of solubles added to the presscake to make whole fish meals; (5) possible alterations in the general quality of the fish meal due to the addition of poorquality fish solubles; (6) inappropriate levels of antioxidants and moisture in the meals; and (7) suboptimal meal storage and transportation conditions (Higgs et al. 1995a) .
Fish meals of the highest quality result from the processing of extremely fresh whole fish under low-temperature cooking and drying conditions (McCallum & Higgs 1989; Anderson et al. 1993) . Meals produced under these conditions are designated low-temperature (LT) type meals, but even within this category there can be variation in quality standards. There are, however, still uncertainties regarding the extent to which fluctuations in the composition and freshness of the raw material, the cooking and drying conditions during meal manufacture, and the subsequent meal storage conditions, influence the quality of fish meals.
The goals of this study were: (1) to assess the nutritive value of a range of fish meals for Atlantic salmon (Salmo salar L.) reared in sea water; and (2) to compare the effectiveness of various in vitro and in vivo assays for predicting fish meal quality for Atlantic salmon reared in sea water. Canadian-produced meals of West Coast and East Coast origin were evaluated in relation to Norwegian fish meal (Norse-LT94 ® ). Chilean fish meals are now widely used by the fish feed manufacturing industry, and the nutritive values of two meals of Chilean origin were also assessed. In addition, several herring meals were produced in the Fish meal quality assessment for Atlantic salmon (Salmo salar L.) reared in sea water laboratory to assess the influence of processing conditions and freshness of the raw material on fish meal quality for Atlantic salmon.
Materials and Methods

Fish meals
Samples (20-50 kg) of 11 commercially produced fish meals were obtained in June 1992. These were, a silver hake, Merluccius bilineanis (Mitchill) (Russian) meal, a groundfish meal, a menhaden meal; Scomber scomber L., a mixed meal produced in Western Canada, four herring meals (one from Western Canada, Clupea harengus pallasi -herring meal 1, and three from Eastern Canada, Clupea harengus L. -herring meals 2,3, and 4), two Chilean meals (mackerel), and Norse-LT94 ® . The
Chilean meals were selected following evaluation in a chickgrowth assay, in which one meal was evaluated as being good and the other poor (data not given). The mixed meal was manufactured from salmon scraps and offal from the filleting industry. Five herring meals were produced with a pilot-sized reduction machine at the West Vancouver Laboratory (Department of Fisheries and Oceans, West Vancouver, Canada). The reduction machine consisted of a steam cooker, a press, and a steam-jacketed dryer with a flow-through design. Processing temperatures for the cooker and dryer could be maintained by the injection of steam. Probes positioned in the cooker and at the exhaust vent of the dryer monitored temperatures.
The cooking and drying temperatures for standard processing conditions were both set at 88°C. The retention time in the cooker was approximately 10 min and in the dryer was 60-90 min. For LT conditions, the cooking temperature was 85°C and the drying temperature was 75°C, with retention times in the cooker and dryer being the same as for standard processing. In the production of both standard and LT meal types, the soluble fraction was removed and collected after cooking. The lipid fraction in the solubles was separated and discarded. The remaining fraction was condensed to 250-350 g dry matter (DM) kg -1 in a steamjacketed bowl-cooker and approximately 100 g of condensed solubles DM kg -1 of presscake DM was added during the drying phase.
The fish meals produced with this machine were derived from: (1) frozen fresh whole male herring, processed under standard conditions (HM-FM-Std); (2) frozen fresh whole male herring, processed under LT conditions (HM-FM-Lt); (3) frozen fresh female herring with the roe removed, processed under standard conditions (HM-FF-Std); (4) frozen fresh female herring with the roe removed, processed under LT conditions (HM-FF-Lt); and (5) spoiled whole male herring, processed under standard conditions (HM-SM-Std). Fresh herring were flash-frozen in ice and then maintained at -20°C until processing. The spoiled whole male herring were obtained by holding previously frozen whole male herring at 15°C for 5 days before processing. The five meals were each ground to pass through a 1.5-mm mesh screen. Thereafter, they were stabilized by the addition of 250 mg ethoxyquin kg -1 , and stored in polyethylene containers. All fish meals (commercially and laboratory produced) were stored at 15°C and relative humidty was less than 20%.
Chemical and in vitro analyses
Each of the 16 fish meals was analysed in duplicate for dry matter (AOAC 1984) , crude protein (CP) (N g kg -1 ϫ 6.25) (microKjeldahl Technicon AutoAnalyzer, industrial method no. 334-74W/B), ash (AOAC 1984) , lipid (Bligh & Dyer 1959 ) and gross energy (adiabatic bomb calorimeter). Mineral compositions were determined by inductively coupled plasma emission spectroscopy (AOAC 1990 ) and biogenic amines (cadaverine, histamine, putrescine and tyramine) by HPLC analysis (Roisier & Van Peteghem 1988) . Fatty acid compositions were determined by gas chromatography (Varian 3400 gas chromatograph) after acid-catalysed transmethylation (Metcalfe et al. 1966) . A fused silica capillary column (SP-2330, 30 m ϫ 0.25 mm i.d, Supleco Canada, 1300 Aimco Blvd, Mississauga, Ontaria) was used for fatty acid determinations under the following conditions: the initial temperature was set at 150°C for 3 min and then increased at 2°C min -1 to 170°C, where it was held for 1 min and subsequently increased at 3°C min -1 to 210°C and maintained for 9.5 min. The detector was set at 240°C, and helium gas at 1 mL min -1 was used as the carrier. An automated injector was used in the split mode (100/1) and heated to 220°C. Quantification of the areas for the fatty acids was performed by a Varian 4290 Integrator. Amino acids were determined after 20 h of hydrolysis at 115°C in 6 mol L -1 HCL that contained 0.7 mol L -1 L mercaptoethanol mL -1 and an excess of phenol. Measured values for serine and threonine were increased by 10% and 5% respectively, to compensate for their destruction during acid hydrolysis. Cysteine and cystine were determined as cysteic acid after performic acid oxidation prior to acid hydrolysis (AOAC 1985) . Tryptophan was determined by the method of Hugli & Moore (1972) . Lipid quality was evaluated by determining peroxide value (Woyewoda et al. 1986) , anisidine value (Windsor & Barlow 1981) , iodine value (Windsor & Barlow 1981) and thiobarbituric acid (TBA) reactive substances (Sinnhuber & Yu 1977) .
Protein quality was evaluated in vitro by the dilute-pepsin digestibility method (Olley & Pirie 1966) and the multi-enzyme pH-stat digestible protein method (Pedersen & Eggum 1983 ).
Multi-enzyme pH-stat digestible protein was calculated from the following equation: true digestibility = 76.14 ϩ 47.77 (mL of 0.1 mol L -1 NaOH used). This equation represents the true digestible crude protein, as determined with rats. The percentage of acid-soluble protein was also determined by incubating a 1-g sample of fish meal in 0.075 mol L -1 HCL for 16 h at 45°C. This corresponds to the sample blank in the dilute-pepsin digestibility assay (Olley & Pirie 1966) . The percentage of protein that was soluble in the acid was then determined by measuring residual CP after filtration. For the determination of total volatile basicnitrogen (TVBN), a sample of meal was extracted with a magnesium sulphate solution (600g L -1
) (Woyewoda et al. 1986 ) and the amount of TVBN, in a protion of the extract, was determined by the microdiffusion method of Conway (1933) as modified by Öbrink (1955) .
In vivo evaluations
Apparent digestibility coefficients (%) for each of the 16 fish meals were determined for crude protein (ADCP-F), gross energy (ADGE-F) and organic matter (ADOM-F) using Atlantic salmon reared in sea water. Six of the fish meals were further assessed for their nutritive value by conducting a growth experiment using Atlantic salmon reared in sea water. Male Wistar rats were used to determine the coefficients (%) for apparent digestible crude protein (ADCP-R), apparent metabolizable crude protein (AMCP-R) and true digestible crude protein (TD) for the 16 fish meals. The biological values (BV) and net protein utilization (NPU) values were also determined for each of the 16 fish meals using rats (Eggum 1973) .
Experimental diets
For the digestibility experiment using fish, the procedure of Cho et al. (1982) was followed. The composition of the basal diet is provided in Table 1 ). Based on work with rainbow trout, Oncorhynchus mykiss (Walbaum) (Davies 1985) , the amount of cellulose added to the diets should not have any effect on feed intake or nutrient utilization. Diets were steam-pelleted as above and stored at -20°C until used.
Sixteen Digestibility experiment: A total of 810 Atlantic salmon (70 ± 10 g, mean ± SD) were randomly and equally allotted to 27 modified 'Guelph' digestibility tanks (Hajen et al. 1993) . Each tank (approximately 150 L) was supplied with filtered sea water at a rate of 7-8 L min -1 and contained 30 fish. Water temperature during the experiment ranged from 10.0°C to 13.5°C (average 11.0 ± 0.6°C) and the salinity from 26 g L -1 to 30 g L -1
. The natural photoperiod was followed (June-August, Vancouver, Canada, 49°15'N, 123°10'W). Oxygen saturation of 85% or better was maintained in each tank with the aid of supplemental aeration. Fish were allowed to acclimatize for 4 weeks. During the last week of acclimatization, eight test diets and the reference diet were assigned randomly to triplicate groups of fish. Due to the limited number of tanks, three trials using the same fish for each trial were required to complete the evaluation of all test diets. The same reference diet was used throughout the experiment.
Faeces were collected for 10 days and pooled on a tank basis in each trial according to the procedures of Hajen et al. (1993) . Four days were allowed between trials to acclimate the fish to the new test diets. For fish of this size, the water temperature experienced, and the nature of the digestibility diets used (695 g basal: 300 g test material: 5 g Cr 2 O 3 kg -1 test diet), 4 days has been found to be adequate for adaptation, allowing for complete expulsion of the previous diets from the digestive tract (J.S. Anderson, personal observation). The pooled faeces samples and feed were analysed for their content of moisture, ash, CP and gross energy by the methods described previously. The concentration of chromic oxide in the test diets and faecal samples was determined by the method of Fenton & Fenton (1979) . The apparent digestibility coefficients of the dietary components and of the test fish meal components were calculated by the indicator method of difference as described by Maynard & Loosli (1969) .
Growth experiment: A total of 1350 Atlantic smolts (69.2 ± 11.2 g, mean ± SD) was randomly and equally distributed into 18 oval fibreglass tanks (approximately 800 L; 75 fish per tank). The tanks were supplied with filtered sea water (15 L min -1 ), with the same temperatures, salinity and oxygen saturation as described above, and fish were exposed to the natural photoperiod. Fish were allowed to acclimatize for 4 weeks before the start of the experiment. During this time, the fish were fed by hand twice daily to satiation using a practical-type diet.
Six diets (Table 2) were randomly assigned to triplicate groups of fish. Groups of 50 fish from each dietary treatment (approximately 17 tank -1 ) were injected intraperitoneally with a passively induced transponder (PIT) tag (2 mm diameter ϫ 10 mm long, Canadian BioSonics Ltd, Sardis, BC) to enable individual identification.
Individual lengths and weights of all the fish were taken after each 4-week period during the 12-week study. All fish were fed their prescribed diets to satiation by hand twice daily. Feed consumption and mortality records were kept for each 4-week period. At the end of 12 weeks, five fish were sampled from each tank for assessment of health as judged by the presence of bacterial, viral or fungal diseases. Samples of liver, small intestine and pyloric caeca were removed from fish that had been fed the Norse-LT94 ® , HM-FM-Std and HM-SM-Std diets (three fish from each diet). Samples were fixed in 10% buffered formalin and sent to Diagnostic Services, Atlantic Veterinary College, PEI for histological examination. Three fish from each tank, that Norse-LT94 contained a PIT tag, were selected at random, killed and stored at -20°C pending proximate analyses (moisture, lipid, CP and ash). Fish growth and performance was described by the following variables: weight gain, specific growth rate (SGR), feed intake, feed-to-gain ratio and protein efficiency ratio (PER). SGR (% day -1 ) was calculated from the formula: {In [final weight (g)]
-In [initial weight (g)] ϫ 100/number of experimental days. Feed-to-gain ratio was calculated as: dry feed intake (g)/wet weight gain (g). PER was calculated as: wet weight gain (g)/protein intake (g). Individual fish data were used to calculate the average initial and final weights, and tank values were used to calculate all other growth and performance variables.
Rat experiment: Two trials, each using 40 male Wistar rats, were designed to evaluate the quality of the protein in the fish meals. In each trial the rats were randomly assigned to individual metabolism cages. Initial weight was 70.3 ± 3.0 g in the first trial and 70.5 ± 2.2 g in the second. For each trial, eight test diets were randomly assigned to five rats per diet. The metabolism cage design, feeding protocol, and faecal and urinary collection protocols were described by Eggum (1973) . Each rat received 10 g of dietary DM containing 150 mg of N once daily at 0800 h and all rats were supplied with unlimited fresh water. The experimental diets and faeces were analysed for DM and CP by methods described previously. Urine was analysed for nitrogen content. Feed consumption and weight gain data were recorded for each rat during the experiment. ADCP-R, AMCP-R, TD, BV and NPU values were calculated for each fish meal. For the above calculations, the values for endogenous faecal and urinary nitrogen excretion were 17.0 and 15.2 mg N day -1 , respectively. These values were determined in a feeding experiment in which rats were fed egg powder (Eggum 1973) . Experimental facilities and the experimental protocols had the approval of the animal care committee, University of British Columbia.
Statistical analyses
The fish performance data (absolute weights, weight gains, feed intakes, SGR, PER, and feed-to-gain ratios) were analysed by a repeated-measures ANOVA model. When a significant main effect (P < 0.05) was detected, differences among treatment means were further evaluated by orthogonal contrasts. The repeating variable was measured in each 4-week period (three periods totalling 12 weeks). The main effects in the analysis were diet and replication (Neter et al. 1985) . In cases where there was an initial value, e.g. absolute weights, this was included in the data set for analysis.
The body composition data for the fish were analysed by analysis of covariance. The effect of dietary treatment on the log of the absolute amount of body component (g) was evaluated using log of the body weight (g) as the covariate (Shearer 1994 ). Significant (P < 0.05) differences among treatment means were further assessed by the Student-Newman-Keuls multiple comparison procedure (P = 0.05) (Kleinbaum et al. 1988) .
The apparent digestibility coefficient data for fish and rats and the other protein quality parameters determined with rats were analysed by two-way ANOVA with diet and replication as the main effects. Where necessary, the square root transformation was applied to achieve homogeneity of variance. Means were then further compared by Student-Newman-Keuls multiple comparison procedure (P = 0.05). Untransformed means are provided in all tables. Pearson correlation coefficients (r) were determined for the in vivo parameters between fish and rats and for in vitro versus in vivo estimates of protein quality, and the coefficients of simple determination (r 2 ) are presented. Statistical analyses were performed using Systat (Ver. 4.0, Systat, Inc., 1800 Sherman Ave., Evanston, IL).
Results and discussion
Few major differences among fish meals were observed in proximate composition and gross energy (Table 3 ). The ash contents of the meals made from processing wastes (groundfish and mixed meals) or species with a high bone content (silver hake, menhaden, mackerel) were higher than the ash contents of the herring meals. Norse-LT94 ® is made mostly from capelin, Mallotus villosus (Müller), and only small differences in composition were seen between it and the herring meals. The small variations in the crude protein contents among the herring meals may reflect the processing conditions used in their production.
© 1997 Blackwell Science Ltd Aquaculture Nutrition 3; [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Fish meal quality 29 The amount of lipid extracted and/or amount of fish solubles added to the herring presscake probably had the most influence on the crude protein and energy levels in the final meals. The mineral contents of the meals are presented in Table 4 . The meals made from raw materials with a high bone content had higher levels of calcium and phosphorus than the herring meals. Sodium content was below 17 g kg -1 in all meals, and, thus, all meals fell within the guidelines of < 30 g kg -1 for high-quality
Norwegian fish meals (Pike et al. 1990 ) and recommended levels for Canadian fish meals (CWGFN 1988) . The fatty acid composition of the total lipid (Table 5 ) varied little among the meals with 20:1 n-9 and 22:1 n-11 showing the greatest variation. The good-quality Chilean meal contained a high proportion of 22:6 n-3 compared with the other meals. Fatty acid contents and composition vary with fish species as well as the size and sex, reproductive status, water salinity and temperature, and level and composition of the food (Ackman 1982; Higgs et al. 1995b) , and all of these factors would be expected to influence the fatty acid compositions of meals, which were obtained from divergent sources.
For most amino acids there were few differences among the fish meals (Table 6 ). The concentration of arginine was higher in the herring meals than in the other fish meals, whereas the opposite was true for glycine and proline. These differences for glycine and proline would be expected as the concentrations of these amino acids are higher in bone and collagen than in muscle tissue (Simon 1989) . Among the herring meals, the concentration of cysteine was lower in the laboratory-produced meals than in the commercial meals. This reduction might have occurred during the drying phase, as it has been shown that heating will partially destroy cysteine in fish meals (Opstvedt et al. 1984) .
The biogenic amine (histamine, putrescine, cadaverine and tyramine) levels in the fish meals varied widely (Table 7) . HM-SM-Std, which was made from spoiled herring, had the highest levels of putrescine, cadaverine and tyramine, and the greatest total amine level (3092 mg kg -1 DM). High levels of amines suggest usage of raw material that may have been enzymatically degraded to varying degrees before processing (Pike 1993) . Dietary levels of putrescine up to 4 g kg -1 have not been found to influence the growth of 4-g rainbow trout (Cowey & Cho 1992) . Also, in another study with 5.5-g rainbow trout, Fairgrieve et al. (1994) found that diets containing 2.0, 0.5 and 0.5 g kg -1 DM of histamine, putrescine and cadaverine, respectively, had no effect on fish growth or feed consumption. Therefore, it would appear that high levels (approximately 3 g kg -1
) of amines probably do not adversely affect fish growth. Consequently, the amine levels observed in this study are likely to be poor predictors of protein quality. This conclusion is further supported by the high levels of amines that were found in Norse-LT94 ® (2457 mg kg -1 DM), which is known to support good growth in fish.
The quality of the lipid component in the fish meals was evaluated by several chemical assays (Table 8) , the iodine value (as an indication of the degree of unsaturation) and three lipid quality assays (peroxide value, anisidine value and TBA). The lipid quality assays were performed to evaluate products of lipid oxidation. These products include peroxides, malonaldehyde and aldehydes. The production of each of these compounds has different lag phases. Peroxides are produced first, followed by malonaldehyde and finally by aldehydes (Hung & Slinger 1981; Frankel 1991) , although many other products (ketones, alcohols, alkanes, alkenes) are also produced. All of the test meals were found to have undetectable levels of peroxides. The iodine values for the test meals ranged from 100 to 131, and were within acceptable limits for good-quality meals (CWGFN 1988; Stansby 1990 ).
The anisidine values of the meals ranged from approximately 11 to 19. This test measures the quanlity of alpha-beta unsaturated aldehydes, intermediate products of lipid oxidation. The range of anisidine values was narrow and does not indicate any great different in the quality of the lipid component of the fish meals. All anisidine values were below the recommended maximum value of 20 (Windsor & Barlow 1981) .
Although TBA values were highest for silver hake (2.28 µmol g -1 ) and HM-FF-Lt (1.29 µmol g -1 ), it is doubtful that these values indicate poor lipid quality. This conclusion is supported by the virtual absence of peroxides and the low anisidine values found in these fish meals. The TBA test measures the amount of malonaldehyde and, indirectly, the hydroperoxides that produce malonaldehyde. This test has been shown to give erroneously high values due to reaction with other components in the test material (Sinnhuber & Yu 1977; Hoyland & Taylor 1991) .
The results of the in vitro measures of protein quality are given in Table 9 . Dilute-pepsin digestible protein ranged from 69% to 95%. The poor-quality Chilean meal, herring meal 2, groundfish meal, and three of the laboratory-made meals had the lowest values, but no obvious trends were detected.
The percentage of the crude protein that was soluble in a weak acid solution (0.075 mol L -1 HCI) ranged from 17% to 45%, with
Norse-LT94 ® having the highest value. Further, among the laboratory-made herring meals, the LT meals had higher values than the corresponding meals processed under standard conditions. The low values for herring meals 1 (21.5%), 2 (21.4%) and 4 (17.3%) and for silver hake (17.7%) suggest that overheating may have occurred during meal preparation, but the results obtained in the dilute-pepsin digestibility assay do not support this premise. Soluble crude protein was determined because it was thought that it might indicate the degree of denaturation of the proteins in the meals. It is known that long periods of frozen storage or heat treatment reduce the solubility of proteins (Eggum 1989; de Koning & Mol 1991) . Five meals had high TVBN values: Herring meal 4 (60), HM-SM-Std (67), Chilean -good quality (60), Chilean -poor quality (70), and menhaden meal (77), but all values were below the recommended maximum level of 200 mg 100 g -1 fish meal (CWGFN 1988) . TVBN values in the raw fresh male and raw fresh female herring were 21.6 and 20.0 mg N 100 g -1 , respectively. The TVBN value for the spoiled male herring was 112.7 mg N 100 g -1 . TVBN measures low-molecular-weight volatile nitrogenous compounds, such as mono-, di-, and trimethylamines and ammonia. High quantities of these compounds in a fish meal suggest the use of spoiled fish in meal manufacture. Although this test is useful for indicating relative amounts of volatile non-protein nitrogenous compounds, it has not been shown to be a good indicator of fish meal quality (Clancy 1992; Anderson et al. 1993; Romero et al. 1994) . The multi-enzyme pH-stat digestibility values ranged from 87% to 96%. This range is small and no obvious trend was detected.
Digestibility of the whole diet was measured as organic matter digestibility and values for ADOM-F differed little among the fish meals (Table 10 ). The ADOM-F values ranged from 87% to © 1997 Blackwell Science Ltd Aquaculture Nutrition 3; [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Fish meal quality 33 98%, with the value for HM-FF-Std being significantly (P < 0.05) lower than those of the other fish meals.
Values for ADCP-F ranged from 86% to 98% (Table 10) . HM-FF-Std and HM-FM-Std had the lowest values (P < 0.05) at 86.5% and 86.0%, respectively. Among the laboratory-manufactured herring meals, values for ADCP-F of the LT meals were significantly higher (P < 0.05) than those of the corresponding standard meals. Possibly, this was an effect of the higher temperatures used in standard processing on the lipid component of the fish meals. For example, it is known that excessive temperature can cause the formation of lipid hydroperoxides. These in turn can react with proteins, reducing their availability (Hsieh & Kinsella 1989; Davidek et al. 1990; Aubourg 1993) .
The formation of lipid hydroperoxides in the laboratory meals processed under standard drying conditions appears to be supported by the trend towards a reduction in values for ADGE-F from 92.3% to 89.4% for HM-FF-Lt and HM-FM-Std and from 94.6% to 91.8% for HM-FM-Lt and HM-FF-Std, respectively. The production of hydroperoxides that might have reacted with proteins during the cooking and drying would not have been detected in any of the lipid quality assays because these would have detected only the unreacted lipid oxidation products and not those covalently bonded to proteins (Hsieh & Kinsella 1989; Aubourg 1993 highest apparent digestibility coefficients for all nutrients, with herring meal 3 a close second.
During the growth experiment, the mortalities in fish fed diets containing herring meal 1 and HM-FM-Std (Table 11) could not be attributed to bacterial or viral causes. For fish fed HM-SMStd, most mortality occurred during the last 4 weeks of the experiment. The etiology of the mortality was not found.
No abnormalities were seen in the samples of liver, small intestine, and pyloric caeca sent for histological interpretation. The present findings support those of Fairgrieve et al. (1994) , who did not observe any histological abnormalities in the liver, kidney or stomach of rainbow trout fed diets containing high levels of amines (histamine, putrescine and cadaverine).
The weight gains, growth rates, feed consumptions and feed and protein utilization values of the fish fed the experimental diets are presented in Table 11 . Fish fed the diet containing HM-SM-Std had significantly (P < 0.05) lower absolute final weights than fish fed diets containing the other test meals. This trend was first seen at the end of the first 4-week period and was significant by the end of the second 4-week period. Fish fed the groundfish meal diet had the best growth performance and those fed the HM-SM-Std diet the poorest. Fish fed the diet containing the spoiled herring meal had the lowest feed intake (P < 0.05) of all the fish meals tested. Probably, the HM-SM-Std diet was not as palatable as the other diets. Hughes (1991) assessed the effects of various chemical compounds in the diets of first-feeding chinook salmon, Oncorhynchus tshawytscha (Walbaum) (0.4 g) and found that trimethylamine was a strong inhibitor of feed consumption. This might have been the case for the fish fed the HM-SM-Std diet, as the TVBN value (67 mg 100 g -1 ) and biogenic amine levels were the highest among the fish meals evaluated. High levels of amines were also present in the sample of Norse-LT94 ® (Table   7 ), yet the fish fed the diet containing this meal did not exhibit reduced feed consumption. This suggests that it may not have been the amines that led to the reduced feed consumption by the fish fed the HM-SM-Std diet. Cowey & Cho (1992) , using putrescine, and Fairgrieve et al. (1994) , using histamine, putrescine and cadaverine, did not find any influence of dietary amine levels on the feed consumption of rainbow trout. There were no significant differences among feed-to-gain ratios during any of the 4-week periods, although fish fed the groundfish meal diet had the lowest (best) value (0.99) and fish fed the HM-SM-Std diet had the highest (1.08).
A significant negative linear (P < 0.05) response with time was observed for PER values over the three 4-week periods, although there were no significant differences among the dietary treatments. PER values for the salmon averaged over all diets at each 4-week period, were 2.74, 2.60, and 2.32 at 4, 8 and 12 weeks, respectively.
Analysis of covariance, with the log of the absolute body weight (g) as the covariate, was used to correct for the effects of fish size on body composition (Shearer 1994) . The fish fed the diet with Norse-LT94 ® had significantly lower lipid levels than the other fish (Table 12 ), but the meals tested in the growth experiment did not have any significant effect on carcass protein levels. When HM-FM-Lt and HM-SM-Std provided the sole source of protein for rats, significantly (P < 0.001) lower AMCP-R, BV and NPU values were found compared with the other fish meals (Table 13) observed for most of the parameters evaluated (Table 13 ). For the other fish meals, there were no obvious trends in the differences for ADCP-R, AMCP-R, TD, BV or NPU values. Correlations between the protein quality or protein utilization variables for the in vitro and in vivo assays and between the different in vivo assays using fish or rats as the test animals were performed. Of the various in vitro tests, only dilute-pepsin digestibility was found to have significant correlations with AMCP-R (r 2 = 0.433, n = 16, P = 0.006), BV (r 2 = 0.261, n = 16, P = 0.04) and NPU (r 2 = 0.372, n = 16, P = 0.01). No significant correlations were noted for any fish-versus-rat comparison. When the lowest two ADCP-F values were removed from the correlation analysis, then the correlation between ADCP-F and AMCP-R became significant (r 2 = 0.359, n = 14, P = 0.024). The removal of these two points can be justified because they are associated with two laboratory-made meals and these meals had significantly reduced values for ADCP-F compared with all other meals. Although there were other significant correlations, such as TVBN and soluble protein, they were between related measurements and thus held no significant meaning. There were no significant correlations between any in vitro assay and in vivo protein quality variable determined with fish. Although it was not significant, the best correlation was found between dilute-pepsin digestibility and ADCP-F (r 2 = 0.195, n = 16, P = 0.087).
Because the meals were made from raw material from divergent species of fish, the various herring meals and Norse-LT94 ® (which is made from a species similar in composition to herring) were inspected again for correlation after grouping separately from the remaining fish meals (mixed meal, groundfish meal, Chilean meals, silver hake and menhaden). Only slight improvements in the correlations between dilute-pepsin digestibility and AMCP-R (r 2 = 0.545, n = 10, P = 0.02) and NPU (r 2 = 0.521, n = 10, P = 0.02) were seen and the correlation with BV was nonsignificant. Again, when the lowest two ADCP-F values were removed from the correlation analysis, the correlation between dilute-pepsin digestibility and ADCP-F became significant (r 2 = 0.549, n = 8, P = 0.036) and a weak correlation between pHstat and ADCP-F was detected (r 2 = 0.453, n = 8, P = 0.068). The correlation between ADCP-F and AMCP-R (r 2 = 0.487, n = 8, P = 0.054) was not improved by grouping the fish meals. No correlations between any variables were found with the other group of meals. The lack of a correlation between the in vitro pH-stat values and any protein quality measurement, especially TD (r 2 = 0.012, n = 16, P = 0.68), determined with rats was surprising. The pHstat calculates the TD of the test protein based on an equation derived from work with rats (Pedersen & Eggum 1983) . The reason for this lack of correlation is unknown. In previous work (Anderson et al. 1993) , a correlation between the dilute-pepsin digestibility and pH-stat methods (r 2 = 0.552, n = 20, P < 0.001) has been found, but in the present study, no such correlation was found (r 2 = 0.138, n = 16, P = 0.16). Grouping of the fish meals made no difference to the outcome. Work by Romero et al. (1994) also found poor correlations between protein digestibility coefficients determined with rainbow trout and in vitro assays (in vitro digestibility, available lysine, and chemical analyses).
Conclusions
From the work presented here, it appears that dilute-pepsin digestibility is the preferred in vitro test to evaluate the protein quality of herring meals for Atlantic salmon. The dilute-pepsin digestibility and the multi-enzyme pH-stat digestion appear to correlate poorly with the results from in vivo assays when other types of fish meals are included. AMCP-R (apparent metabolizable crude protein) using rats as the test animal was the only nonfish in vivo assay that was found to correlate (but poorly) the entire range of fish meals with assays using fish. Of the various commercial herring meals tested, all but one were equal to Norse-LT94 ® and the Chilean meals with respect to their apparent digestibility of crude protein for fish. The fish fed diets based on the two commercial herring meals in the growth experiment performed as well as those fed the Norse-LT94 ® diet. A significant finding was the observation that Atlantic salmon fed a diet with groundfish meal as the major protein source (80% of dietary protein) performed as well as fish fed Norse-LT94
® . This represents a cost saving to fish farmers. Based on the similar feed-to-gain ratios noted for salmon ingesting the diets with herring meal or groundfish meal, at current fish meal prices ($885 and $620 tonne -1 , FOB Vancouver, July 1995 prices for herring and groundfish meal, respectively) the cost saving of replacing herring meal with groundfish meal in a salmon diet would be approximately $0.08 kg -1 diet.
